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Summary
Amylose content is a crucial physicochemical property responsible for the eating and cooking

quality of rice (Oryza sativa L.) grain and is mainly controlled by the Waxy (Wx) gene. Previous

studies have identified several Dull genes that modulate the expression of the Wxb allele in

japonica rice by affecting the splicing efficiency of the Wxb pre-mRNA. Here, we uncover dual

roles for a novel Dull gene in pre-mRNA splicing and microRNA processing. We isolated the dull

mutant, du13, with a dull endosperm and low amylose content. Map-based cloning showed that

Du13 encodes a C2H2 zinc-finger protein. Du13 coordinates with the nuclear cap-binding

complex to regulate the splicing of Wxb transcripts in rice endosperm. Moreover, Du13 also

regulates alternative splicing of other protein-coding transcripts and affects the biogenesis of a

subset of microRNAs. Our results reveal an evolutionarily conserved link between pre-mRNA

splicing and microRNA biogenesis in rice endosperm. Our findings also provide new insights into

the functions of Dull genes in rice and expand our knowledge of microRNA biogenesis in

monocots.

Introduction

Starch accounts for approximately 90% of the dry weight of rice

grains, which constitute the primary food source consumed by

over half of the world’s population (Zeng et al., 2007). Two

different kinds of starch, amylose and amylopectin, are deposited

in the rice endosperm. Moreover, amylose content (AC) is the

major determinant of the eating and cooking quality of rice. Thus,

modifying AC is a major strategy for quality improvement in rice

breeding (Kiswara et al., 2014).

AC in rice endosperm is determined by the major Waxy (Wx)

locus and many minor loci, including more than a dozen dull

endosperm loci, named du1 to du12(t) (Aluko et al., 2004;

Kiswara et al., 2014). The rice Wx locus encodes granule-bound

starch synthase I (OsGBSSI), a key enzyme involved in amylose

biosynthesis in rice endosperm (Wang et al., 1990). Rice cultivars

carry two wild-type alleles at the Wx locus, Wxa and Wxb. Wxa

predominates in O. sativa spp. indica species with high AC and

produces 10 times more OsGBSSI protein than Wxb, which is

mainly distributed in japonica cultivars with low or intermediate

AC (Zeng et al., 2007). The lower abundance of OsGBSSI in

japonica cultivars is due to decreased transcript levels of Wxb

caused by a G-to-T mutation at the splicing donor site of Wxb

intron 1, which diminishes its splicing efficiency and activates two

cryptic splice donor sites within exon 1 (Cai et al., 1998; Frances

et al., 1998; Hirano et al., 1998; Isshiki et al., 1998). The two

splice sites show a weaker match to the 50 consensus splice site

sequence, leading to the lower splicing efficiency of Wxb

transcripts. However, dull mutations do not affect the splicing

of the Wxa transcripts with the normal splice donor site of intron

1 (Isshiki et al., 2000).

dull mutants exhibit an endosperm with a dull appearance and

low AC that contrasts with the typical translucent endosperm of

wild-type rice. Several Dull genes have been shown to modulate

the splicing efficiency of Wxb intron 1 (Isshiki et al., 2000, 2008).

Although rice breeders have employed dull mutants to improve

the eating and cooking quality of rice, only two Dull genes have

been cloned to date. Du1 encodes a member of the pre-mRNA

processing protein (PRP) family and affects the splicing of Wxb

and starch biosynthesis (Zeng et al., 2007), while Du3 encodes

the mRNA cap-binding protein OsCBP20 that forms a hetero-

dimeric cap-binding complex (OsCBC) with OsCBP80 (Isshiki

et al., 2008). OsCBP20 might affect the transcription, splicing,

and stability of Wxb in rice endosperm (Isshiki et al., 2008).

The CBC can bind to the cap structure of transcripts produced

by RNA polymerase II. In Arabidopsis (Arabidopsis thaliana), the

CBC participates in the biogenesis of microRNAs (miRNAs) and

splicing of cap-proximal introns in pre-mRNAs (Kim et al., 2008;

Laubinger et al., 2008; Raczynska et al., 2009). The CBC coor-

dinates its various roles with the C2H2 zinc-finger protein

SERRATE (SE; Grigg et al., 2005; Laubinger et al., 2008; Raczyn-

ska et al., 2014). However, the exact functional relationship
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between SE and CBC in regulating miRNA biogenesis and RNA

splicing has remained elusive.

In this study, we describe and characterize the novel rice dull

mutant, du13. Map-based cloning revealed that the Du13 gene

encodes a C2H2 zinc-finger protein homologous to Arabidopsis

SE. We determined that Du13 and OsCBC act together to

regulate the splicing of Wxb. We observed significant changes in

the alternative splicing (AS) patterns of some genes in the du13

mutant background. Du13 also affects the accumulation of a

subset of miRNAs in rice endosperm. We thus documented here

that the rice Dull gene, Du13, may be involved in the regulation

of miRNA biosynthesis.

Results

Identification of du13

We identified the du13 mutant from a mutant population of

japonica cv. Koshihikari (Figure S1a) for its endosperm appear-

ance between waxy (as in the wx mutant w53 in the Koshihikari

background) and translucent (wild-type Koshihikari; Figure 1a, b).

Transverse sections of du13 grains took on a reddish-brown

colour upon iodine staining that is distinct from the dark-blue

staining of wild-type grains and the light-brown staining of w53

grains (Figure 1c). The AC of du13 grains was 7.05%, compared

to 16.77% in the wild-type (Figure 1d). Scanning electron

microscopy (SEM) analysis showed that the du13 endosperm

consisted of tightly packed and polyhedron-shaped starch gran-

ules (SGs), as in the wild type (Figure S1b–g). We obtained similar

results using semi-thin sections of developing endosperm (Fig-

ure S1h, i), but noticed small cavities within SGs in du13

(Figure S1g), resembling those of previously reported dull

mutants (Kaushik and Khush, 1991).

Compared to the wild type, the du13 mutant showed a slower

grain-filling rate, in accordance with smaller and lighter grains

(Figure S1j–m; Table S1). du13 plants also exhibited an increased

plant height and panicle length, but a reduced tilling number

(Figure S1a; Table S1). Collectively, these data showed that the

du13 mutation has pleiotropic effects on multiple plant pheno-

types.

Altered starch physicochemical characteristics of the
du13 mutant

Total starch and protein contents were comparable between

du13 and wild-type grains (Figure S2a, b), whereas the lipid

content of du13 was almost twice that of the wild type

(Figure S2c). In du13 developing endosperm, AC was substan-

tially lower at the onset of amylose biosynthesis, and this

tendency continued until seed maturation (Figure S2d, e). We

also determined the amylopectin chain-length distribution of

du13 endosperm starch. When compared to wild-type levels, the

du13 mutant had a lower proportion of short chains with a

degree of polymerization (DP) in the range of 9–15, and a higher

proportion of amylopectin chains with DP in the ranges of 6–8
and 16–33 (Figure S2f).

We also analysed the pasting properties of du13 endosperm

starch with a rapid visco analyzer (RVA). The viscosity profiles of

du13 and wild-type pasting starch followed a similar pattern,

although that of du13 maintained a lower level relative to the

wildtype (Figure S2g). In addition, du13 grains displayed higher

values of peak viscosity and breakdown viscosity, but lower values

for other RVA parameters when compared to the wild type

(Table S2), indicating a relatively soft and elastic texture. We

concluded that the du13 mutant alters the physicochemical

characteristics of the starch.

Map-based cloning of Du13 and complementation of
the du13 mutant

For genetic analysis, we crossed the du13 mutant to the parental

cultivar Koshihikari. In the F2 population, translucent to dull

endosperm segregated with a ratio of about 3:1 (n = 778, χ2 =
0.829 <χ20:05,1 = 3.84), indicating that du13 is a single-gene

recessive mutation.

We generated an F2 segregating population derived from a

cross between du13 (japonica) and Nanjing 11 (indica) to map the

Du13 locus between simple sequence repeat (SSR) markers W26

and W6 on the long arm of chromosome 6 (Figure 2a).

Subsequent fine-mapping narrowed down the candidate interval

to a 187-kb region with 26 putative open reading frames (ORFs;

Figure 2a). Sequence analysis revealed a C-to-T substitution at

position 4482 in exon 8 of ORF 26 (LOC_Os06g48530) in the

du13 mutant (Figure 2b), introducing a premature stop codon in

place of the wild-type Arg-333 residue (Figure S3).

To assess whether LOC_Os06g48530 corresponds to the

Du13 gene, we introduced a construct consisting of the

LOC_Os06g48530 coding region, driven by the UBIQUITIN

promoter, into the du13 mutant background. Seeds harvested

from three independent transgenic T2 lines recovered their

vitreous appearance (Figure 2c). Iodine staining of transverse-

cut grains from these lines was also similar to that of the wild

type (Figure 2c), as reflected by their similar amylose contents

(Figure S4a). We failed to detect the protein encoded by

LOC_Os06g48530 in the du13 mutant, while a protein of the

appropriate molecular weight reappeared in the transgenic

lines, using a specific antibody raised in rabbits (Figure 2d). For

an independent confirmation, we introduced a CRISPR-Cas9

construct expressing a single guide RNA (sgRNA) targeting exon

8 of LOC_Os06g48530 into Nipponbare to generate additional

mutants in this gene. The sequencing of PCR amplicons of

LOC_Os06g48530 from the genomic DNA of transgenic plants

identified knockout mutant Y6 with a 1-bp insertion in exon 8

(Figures 2b and S3a) that is predicted to produce a truncated

polypeptide of only 490 amino acids instead of 723 in the wild

type (Figures 2e and S3b). Relative to Nipponbare, Y6 produced

visibly smaller seeds with dull endosperms, and their transverse

sections stained reddish-brown with iodine, as observed in

du13 (Figure 2f). The AC of Y6 seeds also dramatically

decreased from 16.26% in the wildtype to 5.00% (Figure 2g).

We failed to detect the protein-encoded LOC_Os06g48530 in

the Y6 mutant by immunoblot analysis (Figure 2h). We

obtained similar results with three other knockout mutants in

the japonica cv. Ningjing 7 background (Figure S4b–d). Given

that these knockout mutants shared the same phenotypes as

Y6, we focused on the Y6 mutant chosen for further study.

Together, these data demonstrated that LOC_Os06g48530 is

the Du13 gene.

Du13 is a zinc-finger protein homologous to SE

The Du13 gene contains 12 exons and encodes a protein with

723 amino acids that is predicted to harbour a putative nuclear

localization signal at its N terminus, a domain of unknown

function 3546 (DUF3546), and an Arsenite-resistance protein-2

(ARS2) domain near its C terminus (Figure 2b, e; http://smart.

embl-heidelberg.de/; https://www.ncbi.nlm.nih.gov/protein/).

The ARS2 domain included a single C2H2-type zinc finger, which
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is a general feature of SE orthologues (Wilson et al., 2008;

Figure 2e). In the du13 and Y6 mutants, the truncated Du13

proteins would completely or partially lack the ARS2 domain, if

they indeed accumulate in these mutants (Figure 2e).

To understand the phylogenetic relationship of Du13 and SE

homologs in plants, we extracted the predicted protein sequences

from phylogenetically different organisms (Figure S5a). Our

phylogenetic analysis revealed that the rice genome encodes

three distinct SE homologs; Du13, ZOS2-03 (LOC_Os02g05610)

and ZOS8-11 (LOC_Os08g40560). The three rice SE orthologues

clustered with SE-related proteins from purple false brome

(Brachypodium distachyon). Du13 and ZOS2-03 share about

78% and 53% amino acid identity with SE, respectively, while

ZOS8-11 shares the highest identity with SE at 85%. Interestingly,

the monocots rice, purple false brome, and sorghum (Sorghum

bicolor), have at least two SE-related genes, whereas there is only

a single SE homolog in dicots such as Arabidopsis, soybean

(Glycine max), and barrel clover (Medicago truncatula), as in

mammals (Wilson et al., 2008). These putative SE orthologues

harbour similar domains in the same relative order, suggesting a

high degree of conservation (Figure S5b, c).

We determined the expression pattern of Du13 using quan-

titative RT-PCR (qRT-PCR). We detected Du13 expression in

seedlings, young roots, leaves, leaf sheaths, culms, panicles, and

mature roots, with the highest level being seen in leaves

(Figure S6a). In developing seeds, Du13 expression peaked at

an early stage (approximately 3 days after fertilization [DAF]) and

then gradually declined (Figure S6b), thus echoing the results of

immunoblot analysis (Figure S6c). In the du13 mutant, Du13

expression was remarkably lower than in the wild type (Figures 2d

and S6d). These results indicate that Du13 is constitutively

expressed in all tested tissues, and that the largest increase in

Du13 expression in the grain coincides with the initiation stage of

grain development (Wang et al., 2013).

We transiently transfected a 35S-Du13-GFP construct in rice

protoplasts, expressing a fusion between Du13 and the green

fluorescent protein (GFP) under the control of the cauliflower

mosaic virus (CaMV) 35S promoter. The Du13-GFP fusion protein

localized to the nucleus, while the free GFP control was widely

distributed in the cytoplasm (Figure S6e). The mutation in du13

had no effect on Du13 subcellular localization (Figure S7).

Du13 affects splicing of the Wxb pre-mRNA in rice
endosperm

As the Wx gene is predominantly expressed in endosperm and

pollen (Isshiki et al., 2000), we investigated whether the du13

mutant also affected amylose biosynthesis in pollen. Iodine

staining showed that wild-type and du13 pollens are comparable

in their appearance (Figure 3a, b). We conclude that the du13

mutant differentially influences the expression of Wx in endo-

sperm and pollen.

Compared to the wild type, OsGBSSI accumulated to

remarkably lower levels in the endosperms of du13 and the

knockout mutant Y6 (Figures 2h and 3c). In agreement,

OsGBSSI activity also decreased dramatically in du13 and Y6

developing endosperms, compared to their respective wild type

and a du13 complemented line (Figure 3d). qRT-PCR analysis

showed no significant changes in the levels of Wx transcript

between du13 and the wild type or the complemented line, or

between Nipponbare and Y6 (Figure 3e). We then examined the

splicing efficiency of Wxb intron 1 in du13 and Y6 endosperm.

As illustrated in Figure 3f, two cryptic splice sites can be

activated in the Wxb pre-mRNA, with one site (site 2) located 93

nucleotides upstream of the normal splicing site and the second

site (site 1) one base upstream of the normal site. As Wxb

transcripts spliced from the normal site or the second cryptic site

are indistinguishable by RT-PCR, these two sites are collectively

called site 1 (Isshiki et al., 2008). qRT-PCR analysis showed that

Figure 1 Phenotypic analysis of the du13 mutant. (a–c) Phenotypes of wild-type (WT, Koshihikari, left), w53 (a waxy mutant in the ‘Koshihikari’ genetic

background, middle) and du13 (right) grains. (a) Appearance of mature dehulled grains. (b) Transverse sections of mature grains. (c) Transverse sections

stained with iodine. Bars, 1 mm. (d) Amylose contents of mature seeds of the WT, w53 and du13. Values are means � standard deviation (SD; n = 3).

*P < 0.05, **P < 0.01, as determined by Student’s t-test.
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Figure 2 Map-based cloning and complementation of Du13. (a) Fine-mapping of the Du13 locus. The molecular markers and the numbers of

recombinants are indicated. CEN, centromere. (b) Structure of the Du13 locus and positions of the mutations in du13 and the Du13-knockout mutant Y6.

A single nucleotide substitution in du13 generated a premature stop codon, while an additional nucleotide A (4795) was inserted in Y6. (c) Functional

complementation of the du13 mutant with LOC_Os06g48530 restored a normal grain appearance in three independent transgenic lines (T1371-1, −2, and
−3, upper panel). Lower panel, transverse seed sections stained with iodine. (d) Immunoblot analysis of Du13 protein abundance in mature seeds of the

wild type (WT), du13, and three transgenic lines. (e) Schematic diagram of the functional domains present in Du13. Nuclear localization signal, NLS, green

line; DUF3546 domain, blue box; ARS2 domain, orange box, containing a C2H2 zinc finger (green box). Double red slashes indicate the approximate

location of the premature stop codon in du13. a.a., amino acids. (f) Mature seeds of the WT, du13, Nip, and Y6 (upper panel). Lower panel, transverse seed

sections stained with iodine. (g) Amylose contents of Nip and Y6 seeds. (h) Immunoblot analysis of Du13 and OsGBSSI in mature seeds of the WT, du13,

Nip, and Y6. Anti-HSP82 antibodies were used as a loading control in (d) and (h). Nip, Nipponbare; IB, immunoblotting.
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the abundance of Wxb transcripts spliced at site 1 was much

lower in du13 and Y6 developing endosperms at 10 and 12 DAF

compared to the wild type, concomitantly with a stark increase

in unspliced Wxb levels (Figure 3g, h). Indeed, the splicing

efficiency of Wxb transcripts in du13 dropped to approximately

one-third and one-tenth of the wild type in developing

endosperm at 10 and 12 DAF, respectively, similar to that in

Y6 (Figure 3i, j). Therefore, loss of Du13 function impaired

splicing of Wxb transcripts in rice endosperm.

The du13 mutation also affected the expression of several

starch biosynthesis-related genes (Figure S8), which might explain

the altered fine structure of amylopectin in du13 (Figure S2f). We

(a)

(d)

(g) (h) (i) (j)

(k)

(e) (f)

(b) (c)

Figure 3 Loss of Du13 function affects the splicing ofWxb in rice endosperm. (a, b) Pollen grains of the wild type (WT, a) and du13 (b) stained with iodine.

(c) SDS-PAGE analysis of OsGBSSI abundance in WT and du13 developing endosperm at 10 days after fertilization (DAF) or in mature endosperm. OsGBSSI

is inside the red frame. The protein was extracted from developing or mature endosperms as described previously (Liu et al., 2009). (d, e) OsGBSSI activity

(d) and OsGBSSI expression levels (e) in developing endosperms from the WT, du13, the representative complemented line T1371-1, Nip, and Y6 at 10 DAF.

The levels of OsGBSSI in the WT and Nip were set to 1 in (e). (f) Schematic diagram of the possible splicing patterns of the Wxb pre-mRNA. (g, h) qRT-PCR

analysis of Wxb transcripts spliced at site 1 in developing endosperms of the WT and du13 (g), or Nip and Y6 (h) at 10 and 12 DAF. The levels of Wxb

transcripts in the WT and Nip were set to 1. (i, j) qRT-PCR analysis ofWxb splicing efficiency in developing endosperms of the WT and du13 (i), or Nip and Y6

(j) at 10 and 12 DAF. The splicing efficiency of Wxb was calculated as previously described (Zhang et al., 2014a); WT or Nip values were set to 1. Values are

means � SD (n = 3). *P < 0.05, **P < 0.01, as determined by Student’s t-test between the WT and mutant. Actin I was used as an internal control in (e,

g–j). Nip, Nipponbare. (k) Du13 does not have transcription activity.
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tested whether Du13 exerted direct transactivation activity in

yeast cells by fusing Du13 to the DNA binding domain of the

transcription factor GAL4, but observed no transactivation activity

(Figure 3k). Therefore, the altered expression levels of starch

biosynthetic genes in du13, might result from indirect effects of

the du13 mutation.

Functional analysis of Du13 in transient assays using rice
protoplasts

To explore the effects of Du13 on the splicing of Wxb, we used a

transient assay system in rice protoplasts and the Wxb-gus (β-
glucuronidase) reporter construct for the analysis of splicing

(Figure 4a). Co-transfection of rice protoplasts with the Wxb-gus

reporter and the 35S-Du13 cDNA construct elevated GUS activity

approximately three-fold relative to the control (Figure 4b). By

contrast, GUS activity was much lower in du13 protoplasts

relative to wild-type protoplasts upon transfection with the Wxb-

gus reporter (Figure 4c).

We also examined the effects of Du13 on splicing efficiency

and splice site selection of Wxb-gus. In protoplasts transfected

with the Wxb-gus reporter, site 1 was preferentially used

(Figure 4d). However, when Wxb-gus was co-transfected with

35S-Du13, Wxb-gus transcripts showed a strong increase in

preference for splicing at site 1 together with a slight increase at

site 2, indicating enhanced splicing efficiency (Figure 4d). Co-

transfection ofWxb-gus with 35S-du13 largely abolishedWxb-gus

splicing though slightly increased the GUS activity (Figure 4b, d).

Moreover, only site 2 appeared to be selected at the 50 splice site

by du13 (Figure 4d).

In developing endosperms from the du13 and Y6 mutants and

their respective wild-type cultivars, site 1 was preferentially used

(Figure 4e, f). The du13 mutant also exhibited a lower splicing

efficiency of Wxb, which progressively decreased over the course

of endosperm development (Figure 4e), consistent with the

results of Figure 3i. We observed a similar trend in the Y6 mutant

(Figures 3h, j, 4f). Notably, unspliced transcripts of Wxb-gus

accumulated to lower levels in protoplasts co-transfected with

35S-Du13, but highly accumulated when co-transfected with

35S-du13 (Figure 4d). We noticed similar effects in developing

endosperms (Figure 4e, f), in agreement with the qRT-PCR results

(Figure 3g, h).

Du13 interacts with OsCBC and splicing factors

The du13mutant had a similar dull endosperm phenotype as du3,

carrying a mutation in OsCBP20 (Isshiki et al., 2008), prompting

us to hypothesize that Du13 and OsCBC might work together to

regulate Wxb splicing. We thus examined the potential for

physical interactions between Du13 and OsCBC subunits.

Figure 4 Effects of Du13 on GUS activity derived from the Wxb-gus reporter. (a) Schematic diagrams of constructs for transfection assays. The Wxb-gus

reporter harbours the Wxb promoter, exon 1, intron 1, and part of exon 2 from Wxb with the ATG codon, cloned in-frame and upstream of the Gus

reporter gene. The cDNAs of Du13 and du13 were placed under the control of the CaMV 35S promoter. If the expressed protein stimulates the splicing of

intron 1 in Wxb-gus, GUS activity will increase (Isshiki et al., 2006). (b) GUS activity in co-transfected protoplasts. The 35S-Du13 and 35S-du13 constructs

were co-transfected into protoplasts with the Wxb-gus construct. Ten micrograms each of Wxb-gus and 35S-Du13 or 35S-du13 plasmid DNA was added to

5 × 106 protoplasts. Values are means � SD (n = 3). (c) GUS activity in wild-type (WT) and du13 protoplasts transfected withWxb-gus. Values are means �
SD (n = 3). *P < 0.05, **P < 0.01, as determined by Student’s t-test. (d) Effects of 35S-Du13 and 35S-du13 on the splicing of Wxb intron 1 in protoplasts.

The top gel shows unspliced Wxb-gus transcripts. The middle gel shows transcripts spliced at site 1 (top fragments) or site 2 (bottom fragments) from Wxb-

gus. The bottom gel shows the internal control Actin I. (e) Splicing pattern of Wxb intron 1 in WT and du13 developing endosperm at 6 and 10 DAF. (f)

Splicing pattern of Wxb intron 1 in Nip and Y6 developing endosperm at 6 and 10 DAF. Actin I was used as an internal control in (e) and (f). Nip,

Nipponbare.
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We analysed the subcellular localization of OsCBP20 and

OsCBP80 in Nicotiana benthamiana leaves. OsCBP20 showed a

clear nuclear localization, while OsCBP80 localized to the

cytoplasm and the nucleus (Figure S7). OsCBP20 accumulated

in the nucleoplasm as well as in nuclear speckles. These two rice

proteins, therefore, displayed the same localization pattern as

their Arabidopsis counterparts (Kierzkowski et al., 2009). A

bimolecular fluorescence complementation (BiFC) assay indi-

cated that OsCBP20 interacted with OsCBP80 in nuclear

speckles (Figure S9a). BiFC assays also demonstrated physical

interaction between Du13 and the OsCBC subunits OsCBP20

and OsCBP80 (Figure 5a). We observed a strong and homoge-

nous fluorescence signal from reconstituted enhanced yellow

fluorescent protein (eYFP) in the nuclei of cells co-infiltrated with

Du13 and OsCBP80 constructs, but predominantly in nuclear

speckles of cells co-infiltrated with Du13 and OsCBP20 con-

structs (Figure 5a). An in vivo co-immunoprecipitation (Co-IP)

assay also confirmed that OsCBP20 and OsCBP80 could be co-

immunoprecipitated by Du13 in total N. benthamiana leaf

extracts (Figure 5b). Together, our results indicated that both

OsCBC subunits form a complex with Du13 in the nucleus.

Interestingly, like OsGBSSI, OsCBP20 and OsCBP80 expression

peaked during the middle stage of grain development (Fig-

ure S9b–d), when a rapid increase in starch accumulation and

seed weight occurs (Wang et al., 2013). We observed no

significant changes in the expression of OsCBP20 or OsCBP80 in

du13 endosperm (Figure S9e, f).

We detected no interactions between Du1 and Du13 or

between Du1 and OsCBC using yeast two-hybrid (Y2H) and BiFC

assays (Figure S10). By contrast, Du13 interacted with the four

Ser/Arg-rich (SR) splicing factors RSp29, RSZp23, and two

homologs of RSZp23 (Figures S7 and S11). RSp29 and RSZp23

were previously shown to affect Wxb splicing (Isshiki et al., 2006).

The N terminus of Du13 mediated these interactions (Fig-

ure S11c).

Du13 is involved in alternative splicing of genome-wide
rice genes

We examined whether alternative splicing (AS) was affected in

du13 through transcriptome deep sequencing (mRNA-seq). In

wild-type endosperm, we detected a high frequency of the

alternative 30 splice site (40.44%), followed by the alternative 50

splice site (22.98%), exon skipping (21.33%), intron retention

(13.10%), and mutually exclusive exon choice (2.15%; Figure 6a).

In du13 endosperm, the frequency of AS events changed, for

alternative 30 or 50 splice sites (35.97% and 19.71%, respectively),

exon skipping (23.42%), intron retention (17.80%), and mutually

exclusive exon (3.10%; Figure 6a; Table S3). These results thus

suggested that AS at the alternative 30 splice site occurs more

frequently than at the 50 splice site in plants, in agreement with a

previous study (Raczynska et al., 2014). When looking at the

distribution of different AS events within introns, we noticed that

intron retention AS events increased in the first and last introns or

genes with a single intron in the du13mutant (Figure 6b), while AS

at alternative 50 and 30 splice sites increased greatly in the first

intron (Figure 6c, d).

To confirm a regulatory role for Du13 in AS of rice gene

transcripts, we characterized AS of several mRNAs by RT-PCR

with intron-flanking primers. We detected higher levels of

unspliced transcripts accumulating in du13 compared to the wild

type (Figure 6e), potentially reflecting an effect on general

splicing efficiency in the du13 mutant and confirming a role for

Du13 as a regulator of AS of gene transcripts in rice.

Du13 participates in miRNA processing

We tested whether Du13 might also affect the accumulation of

mature miRNAs. A subset of miRNAs accumulated to lower levels

in du13 compared to the wild type, as determined by miRNA-seq

analysis (Table S4). In agreement, the target genes of these

miRNAs largely exhibited higher transcript levels (Table S4). We

Figure 5 Du13 interacts with OsCBC. (a) BiFC assays showing that Du13 interacts with OsCBC in the nucleus of N. benthamiana leaf cells. The insets are

magnified views of a representative nucleus in the dotted rectangles. OsMADS3-mCherry was used as a nuclear marker. Bars, 20 μm. (b) Co-IP assays

showing that OsCBP20-GFP, OsCBP80-GFP, and ZOS2-03-GFP co-immunoprecipitate with Du13-Flag in total N. benthamiana leaf extracts with anti-Flag

antibodies. IB, immunoblotting.
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used qRT-PCR analyses to validate the altered expression of these

miRNAs in du13. The levels of osa-miR435, osa-miR444e, osa-

miR1866-3p, osa-miR5144-5p, and osa-miR5794 were dramati-

cally reduced in du13 and Y6 compared to their respective wild-

type cultivars (Figures 7a and S12a). The levels of osa-miR1850.2

were slightly reduced in du13 (Figure 7a), but markedly reduced

in Y6 (Figure S12a). These results were largely in agreement with

the miRNA-seq analysis (Table S4). Intriguingly, only a subset of

intron-less pri-miRNAs were affected in du13 (http://

structuralbiology.cau.edu.cn/cgi-bin/hgGateway?hgsid=3390&

clade=plant&org=Nipponbare_v7&db=0). We further examined

the expression levels of miRNA biogenesis components in du13

but observed no substantial differences in their expression

between du13 and the wild type (Figure S9g).

We examined pri-miRNA transcript levels in du13 and Y6

endosperms by semi-quantitative RT-PCR to test whether the

du13 and Y6 mutants lowered primary miRNA (pri-miRNA) levels

or the processing efficiency of the pri-miRNA transcripts. The pri-

miRNA transcripts of less abundant miRNAs in du13 and Y6

accumulated to higher levels compared to their respective wild

types (Figures 7b and S12b), indicating less effective processing

of pri-miRNAs. By contrast, pri-miRNA transcripts of upregulated

miRNAs in du13 and Y6 displayed a decreased abundance, while

we saw no obvious changes for the pri-miRNA transcripts of a

slightly reduced miRNA in du13 (Figures 7b and S12b). As

miRNAs negatively regulate the abundance of their target

mRNAs, we determined the expression levels of target mRNAs

by qRT-PCR. Indeed, the abundance of most target mRNAs was

elevated in the du13 and Y6 mutants compared to their wild

types (Figures 7c and S12c; Table S4). Collectively, these findings

indicate that Du13 is involved in the proper processing of pri-

mRNAs.

To investigate potential mechanisms by which Du13 might

affect miRNA processing, we performed a Y2H assay and

determined that Du13 interacted with the key component of

the miRNA processing complex, Hyponastic Leaves 1 (OsHYL1,

LOC_Os11g01869; Figure S10a). Further BiFC and Co-IP assays

are under the way to verify the interaction between Du13 and

OsHYL1.

Discussion

Du13 is a novel splicing factor affecting amylose
biosynthesis in rice endosperm

In this study, we report the isolation and characterization of the

novel dull mutant, du13. In developing seeds, du13 accumulated

amylose in a temporal pattern similar to that of the wildtype but

at a dramatically slower rate (Figure S2d), which correlated with

the decrease in seed AC, OsGBSSI abundance, and activity

(Figures 1d, 2h, 3c, d). Lower AC in du13 endosperm was

apparent at 5 DAF (Figure S2d, e), indicating that Du13 may

function from the very early stages of endosperm development,

when starch biosynthesis is initiated, in agreement with the high

expression of Du13 at this stage (Figure S6b, c).

The du13 mutant affected the splicing of the Wxb pre-mRNA

but not overall transcript levels in developing endosperm

(Figure 3e–h). Indeed, the abundance of unspliced Wxb tran-

scripts rose in du13 endosperm, while spliced transcripts accu-

mulated to lower levels (Figures 3g and 4e). These observations

are distinct from the du1 and du2 mutants, in which the levels of

unspliced Wxb transcripts are comparable to those of the wild

type, while splicedWxb transcripts are much less abundant (Isshiki

et al., 2000). In the du3mutant, the abundance of both unspliced

and spliced Wxb transcripts was reduced (Isshiki et al., 2008).

Figure 6 Distribution of changed alternative splicing (AS) events in the wild type (WT) and the du13mutant. (a) Distribution of alternatively spliced events:

skipped exon (SE), mutually exclusive exon (MXE), alternative 50 splice site (A5SS), alternative 30 splice site (A3SS), retained intron (RI) in the WT and du13.

(b–d) Distribution of RI (b), A5SS (c), and A3SS (d) events within first introns, internal introns, last introns or genes containing a single intron (b). Numbers

above bars indicate the number of AS events. (e) Validation of RI in selected genes by conventional RT-PCR analysis. LOC_Os03g19960 encodes an ATP-

dependent RNA helicase; LOC_Os05g48960 encodes a U2AF splicing factor; LOC_Os06g51084 encodes starch branching enzyme I (BEI);

LOC_Os12g01916 encodes Double-stranded RNA-binding motif containing protein-2 (DRB-2/ DRB1-2).
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Therefore, Du13 may have distinct effects on Wxb splicing. In

addition, Du13 enhanced the splicing efficiency of Wxb at both

cryptic sites, though preferentially at site 1 (Figure 4d), whereas

Wxb transcripts spliced at both sites were equally affected in du1

or du2 (Isshiki et al., 2000). Moreover, like du2 (Isshiki et al.,

2000), du13 had minimal effects on AC in pollen grains

(Figure 3a, b), reflecting its tissue-specific effects.

The splicing of transcripts for genes encoding starch biosyn-

thetic enzymes, such as starch branching enzyme I (BEI), was

affected in du13 (Figure 6e; Table S3), in contrast to du1, du2,

and du3 (Isshiki et al., 2000; Zeng et al., 2007). Moreover,

transcripts of many important splicing factor genes, such as U2

auxiliary factor (U2AF), and some miRNA biogenesis component

genes, such as DRB-2 (double-stranded RNA-binding motif

containing protein-2), also showed altered AS profiles in du13

(Figure 6e; Table S3). However, we observed no significant

changes in BEI abundance and the levels of DRB-2 transcripts

(Figures S8c and S9g), which was consistent with a previous study

Figure 7 Analysis of expression levels for selected miRNAs, pri-miRNA transcripts, and miRNA target genes in the wild type and du13. (a) qRT-PCR analysis

of differentially expressed miRNAs identified from miRNA-seq analysis. U6 snRNA was used as an internal control. The levels of these miRNAs in the

wildtype (WT) were set to 1. Values are means � SD (n = 3). (b) Abundance of pri-miRNAs in developing WT and du13 endosperm at 10 DAF. The

arrowhead indicates the specific band. (c) Relative expression levels of the target genes of osa-miR1866-3p (LOC_Os09g21110 and LOC_Os02g44360),

osa-miR435 (LOC_Os02g44360), osa-miR444e (LOC_Os02g36924, LOC_Os05g47560, LOC_Os08g06510, LOC_Os07g45120, and LOC_Os09g06970),

osa-miR5144-5p (LOC_Os07g23520, LOC_Os07g37400, LOC_Os02g44360, LOC_Os07g06470, and LOC_Os12g40440), and osa-miR5794

(LOC_Os09g06970). Transcript levels in the WT were set to 1. Actin I was used as an internal control in (b) and (c). Values are means � SD (n = 3).

*P < 0.05, **P < 0.01, as determined by Student’s t-test. LOC_Os09g21110 encodes leucyl-tRNA synthetase; LOC_Os02g44360 encodes scarecrow

transcription factor family; LOC_Os02g36924 encodes OsMADS27; LOC_Os05g47560 encodes serine/threonine-protein kinase; LOC_Os08g06510

encodes C3HC4-type zinc-finger protein; LOC_Os07g45120 encodes expressed protein; LOC_Os09g06970 encodes transport protein particle component

(TRAPP) domain containing protein; LOC_Os07g23520 encodes expressed protein; LOC_Os07g37400 encodes F-box domain containing protein OsFBX257;

LOC_Os07g06470 encodes nuclear transcription factor Y subunit (NF-Y); LOC_Os12g40440 encodes lipoate-protein ligase B.

ª 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 20, 1387–1401

Dual roles for Du13 in pre-mRNA and microRNA processing 1395



(Wang et al., 2019), implicating that the effects of altered splicing

on the expression of protein-coding genes might be relatively

weak. In summary, we saw more genes with intron retention in

the du13 mutant (Figure 6a). The first and last introns appeared

to be more sensitive to loss of Du13 activity than internal introns

(Figure 6b). In addition, alternative 50 and 30 splice site selection

by du13 greatly increased within the first intron (Figure 6c, d),

suggesting that Du13 might affect splice site choice mostly within

the first intron, similar to SE and Arabidopsis CBPs (Raczynska

et al., 2009, 2014).

Isshiki et al. (2000) proposed that Du1 (OsCBP20) and Du2 may

be essential for recognizing the two weak splice sites activated in

Wxb exon 1 and stabilizing the spliceosomes assembled at both

sites. Here, our data suggest that Du13 and OsCBC (OsCBP20

and OsCBP80) may coordinately influence splicing of Wxb intron

1 (Figure 5), although the mechanistic details have not been

resolved. In mammals, the CBC is essential for co-transcriptional

spliceosome assembly via interaction with the U4/U6�U5 tri-snRNP

(small nuclear ribonucleoprotein; Pabis et al., 2013). In Arabidop-

sis, SE colocalizes and interacts with U1 snRNP auxiliary proteins

(Knop et al., 2017). We also determined that Du13 interacted

with the splicing factor RSp29 in nuclear speckles (Figure S11d)

where splicing factors are enriched (Fang and Spector, 2007). As

we detected no interaction between Du1 and Du13 or OsCBC

(Figure S10), further investigations into the detailed mechanism

of Wxb transcript splicing are still required. Notably, du13 grains

displayed a relatively soft and elastic texture compared to the

wild-type Koshihikari, an elite japonica variety from Japan

(Figure S2g; Table S2). The eating quality of du13 was also better

than that of Wuyujing 3, a well-known high-quality rice in

Jiangsu, China (Table S5). Therefore, the du13 mutant may

contribute to in the improvement of rice quality.

Du13 is involved in miRNA biogenesis

The abundance of several mature miRNAs was reduced in du13

endosperm (Figure 7a; Table S4). Of them, osa-miR435 was

reported to be differentially expressed during rice grain filling (Yi

et al., 2013). Many miRNAs including osa-miR435 are signif-

icantly upregulated from 5 to 7 DAF in rice grains, when a rapid

increase in grain weight occurs (Wang et al., 2013; Yi et al.,

2013). Moreover, the levels of osa-miR435, osa-miR444e, osa-

miR1850.2 and osa-miR1866-3p are higher in superior spikelets

compared to inferior spikelets, which show a slower grain-filling

rate and a lower grain weight relative to superior spikelets (Peng

et al., 2011). Hence, these results indicated the positive regula-

tory roles played by these miRNAs in grain filling. Many of their

predicted target genes encoded transcription factors (Table S4).

For instance, osa-miR444 was predicted to target MADS-box

genes (Yi et al., 2013) that are considered necessary for rice ovule

and seed development (Duan et al., 2005). The MADS gene

(LOC_Os02g36924) displayed a higher expression level due to the

lower abundance of osa-miR444e in du13 endosperm (Figure 7a,

c; Table S4). The constitutive co-expression of the two Arabidop-

sis MADS-box genes SHATTERPROOF1 (SHP1) and SHP2 resulted

in plants with smaller fruits (Liljegren et al., 2000). Hence the

higher expression of the MADS gene might contribute to the

smaller and lighter grains of du13 (Figure S1j–m; Table S1).

Collectively, these results might at least in part explain the slow

grain-filling rate and reduced grain weight in the du13 mutant

(Figure S1j–m; Table S1).

F-box genes, targeted by osa-miR1850.2, osa-miR1866-3p and

osa-miR5144-5p (Table S4), have been shown to regulate grain

size and plant architecture, particularly panicle architecture (Chen

et al., 2013b; Duan et al., 2012; Li et al., 2011; Piao et al., 2009).

Knockdown of the F-box Kelch repeat protein (FBK) gene

OsFBK12 produced smaller and lighter grains. OsFBK12 expres-

sion levels also influenced plant height and panicle architecture

including panicle length (Chen et al., 2013b). Moreover, muta-

tions in the F-box gene LARGER PANICLE (LP) resulted in altered

grain size, higher plant height, increased grain number per

panicle and decreased tiller number (Li et al., 2011). We noticed

altered expression levels for F-box genes (LOC_Os07g37400,

LOC_Os07g03100, and LOC_Os01g48250) in du13 (Figure 7c;

Table S4), which might contribute to the pleiotropic phenotypes

seen in du13 plants, including reduced grain size and increased

plant height (Figure S1a, j–l; Table S1). Additionally, osa-

miR5144-5p is predicted to target transcripts for a nuclear

transcription factor Y gene (NF-Y, LOC_Os07g06470), while both

osa-miR444e and osa-miR5794 target a gene encoding a

transport protein particle component (TRAPP, LOC_Os09g06970;

Figure 7c; Table S4), which are required for shoot growth (Garcia

et al., 2020; Sun et al., 2016). The higher expression of NF-Y and

TRAPP in du13 might contribute to the increased plant height of

du13 (Figure S1a; Table S1). Therefore, Du13 is required for the

accumulation of important miRNAs critical to rice plant and grain

development. We noted here that Du13 interacted with OsHYL1,

a key component of the miRNA processing complex (Fig-

ure S10a), which might affect the cleavage of pri-miRNAs (Dong

et al., 2008).

Previous studies have shown that many mutants of genes

required for pre-mRNA splicing also exhibit defects in miRNA

production (Chaabane et al., 2013; Kim et al., 2008; Laubinger

et al., 2008). Indeed, pre-mRNA splicing and miRNA processing

share many factors, including SE, CBPs, Stabilized 1 (STA1) and

the Modifier of snc1,4 (MOS4)-associated complex (MAC; Chaa-

bane et al., 2013; Jia et al., 2017; Kim et al., 2008; Laubinger

et al., 2008; Li et al., 2018a; Zhang et al., 2013, 2014b).

Moreover, important factors linked to spliceosomal function also

appear to regulate both alternative pre-mRNA splicing and

miRNA biogenesis, including SE, CBPs, STA1, MAC, Glycine-rich

RNA-binding Protein 7 (AtGRP7), Increased Level of Polyploidy1-

1D (ILP1), NTC-Related Protein 1 (NTR1), Tho Complex Subunit2

(THOC2), Sickle (SIC), Small1 (SMA1), High Osmotic Stress Gene

Expression 5 (HOS5), FIERY2/RNAP II CTD phosphatase-like 1

(CPL1), RS40 and RS41 (Chaabane et al., 2013; Chen et al.,

2013a, 2015; Francisco-Mangilet et al., 2015; Jia et al., 2017;

Kim et al., 2008; Köster et al., 2014; Laubinger et al., 2008; Li

et al., 2018a, 2018b; Manavella et al., 2012; Wang et al., 2019;

Zhan et al., 2012; Zhang et al., 2013, 2014b). The significance of

direct communication between the spliceosome and the miRNA

biogenesis machinery in miRNA production has also been verified

(Bielewicz et al., 2013; Knop et al., 2017; Schwab et al., 2013;

Yan et al., 2012). Our results showed that Du13 also plays dual

roles in alternative pre-mRNA splicing and miRNA biogenesis,

confirming an evolutionarily conserved link between pre-mRNA

splicing and microRNA biogenesis in land plants. Notably, Du1 is

homologous to the pre-mRNA splicing factor STA1 (Chaabane

et al., 2013; Zeng et al., 2007). It will thus be interesting to

examine the abundance of miRNAs in the du1, du2 and du3

mutants.

The complicated function of Du13 in rice

SE homologs are highly conserved in yeast, plants, and animals

(Wilson et al., 2008). They may have arisen early in evolution and
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served a basic cellular function. Null alleles of SE homologs confer

embryonic lethality in Arabidopsis, fission yeast (Schizosaccha-

romyces pombe), fruit fly (Drosophila melanogaster), zebrafish

(Danio rerio) and mouse (Mus musculus; Amsterdam et al., 2004;

Golling et al., 2002; Kim et al., 2010; Lobbes et al., 2006; Oh

et al., 2003; Wilson et al., 2008). Most eukaryotic genomes

encode a single SE homolog, whereas monocot genomes harbour

multiple SE homologs (Figure S5a). As ZOS2-03 interacted with

Du13 and OsCBC, ZOS2-03 might play a role similar to that of

Du13 (Figures 5b and S13).

Like SE, Du13 may exert dual roles in pre-mRNA splicing and

pri-miRNA processing in rice (Figure 8; Laubinger et al., 2008).

Increasing evidence also suggests that SE is a multifunctional

protein, playing an important role in epigenetic regulation of

gene expression (Christie and Carroll, 2011; Ma et al., 2018;

Wang et al., 2018). Whether Du13 has similar epigenetic

regulatory roles in rice, is an exciting research topic to explore

in the future.

Experimental procedures

Plant materials

The du13mutant was identified from an N-methyl-N-nitrosourea-

induced M2 population of the japonica rice cv. Koshihikari. du13

was backcrossed to Koshihikari for genetic analysis. An F2
population was derived from a cross between du13 and the

indica cv. Nanjing 11 for mapping. All plants were grown in an

experimental field plot at Nanjing Agricultural University under

natural conditions.

Microscopy

Scanning electron microscopy (SEM) was performed according to

a previous report (Kang et al., 2005). Samples were examined

using a Hitachi S-3400N scanning electron microscope. For the

observation of compound starch granules, semi-thin sections

(1 μm) were prepared as previously described (Peng et al., 2014).

Semi-thin sections were stained with I2-KI and examined with a

Nikon ECLIPSE80i light microscope.

Physicochemical properties of rice grains

Mature rice grains were dehulled and ground into fine flour. The

contents of amylose, lipid, total starch and protein, together with

amylopectin chain-length distribution, were measured as previ-

ously described (Han et al., 2012). The starch pasting properties

were determined as previously (Peng et al., 2014). Comprehen-

sive taste evaluations of cooked rice were performed as previously

described (Champagne et al., 1999).

Map-based cloning of the du13 mutation

A total of 695 individuals with dull endosperm were selected from

the F2 mapping population. Over 180 genome-wide polymorphic

SSR markers were used in preliminary mapping. For the fine-

mapping of Du13, new genetic markers were developed by

comparing the genomic sequences of japonica cv. Nipponbare

and indica cv. 93-11 (Table S6).

Generation of transgenic plants

To complement the du13 mutant, the wild-type Du13 cDNA

sequence was inserted into the binary vector pCUbi1390 (Du13 is

driven by its native promoter). A CRISPR-Cas9 construct express-

ing a single guide RNA (sgRNA) targeting exon 8 of Du13 was

assembled to generate knock-out mutants in Du13. The two

constructs were individually introduced into du13, Nipponbare or

Ningjing 7 calli by Agrobacterium (Agrobacterium tumiefaciens)-

mediated transformation as described previously (Hiei et al.,

1994).

Protein extraction and immunoblotting

Total protein extraction and immunoblot analysis were performed

as previously described (Crofts et al., 2015; Wang et al., 2010).

Polyclonal antibodies against Du13 and starch biosynthetic

enzymes were produced in rabbits by Yingji Biotech (http://

www.immunogen.com.cn/). Anti-HSP82 antibodies were pur-

chased from Beijing Protein Innovation (AbM51099-31-PU).

Phylogenetic analysis

The neighbour-joining tree was generated using MEGA 5.0

software (http://www.megasoftware.net) by the bootstrap

method (1000 replicates; Tamura et al., 2011). The amino acid

sequences of Du13 homologs were retrieved on the National

Center for Biotechnology Information (NCBI, http://www.

ncbi.nlm.nih.gov) and aligned using ClustalX (http://www.

clustal.org).

RNA extraction, RT-PCR, and qRT-PCR analysis

Total RNA was extracted using an RNAprep pure plant kit

(Tiangen Co., Beijing, China). One microgram of total RNA was

then reverse transcribed in a 20-μL reaction using PrimeScript II

Reverse Transcriptase (TaKaRa) with oligo(dT18) primers. Levels of

pri-miRNAs were measured according to a previously described

method (Juarez et al., 2004; Yang et al., 2006). qRT-PCR was

performed with the SYBR Premix Ex TaqTM Kit (TaKaRa). Actin I

was used as an internal control. Primers used are listed in

Table S6.

Figure 8 A model for the functions of

Du13 in pre-mRNA splicing and pri-miRNA

processing. Du13 interacts with

spliceosome components and coordinates

with OsCBC to influence pre-mRNA

alternative splicing. Du13 also plays a role

in miRNA biogenesis probably by

interacting with OsHYL1. The role of

OsCBC in miRNA biogenesis awaits further

investigation.
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Subcellular localization

The Du13 cDNA was cloned in-frame and upstream of GFP in

the pAN580-GFP vector (Peng et al., 2014). The resulting

construct was transfected into rice protoplasts according to

previously described protocols (Chen et al., 2006). du13, ZOS2-

03, ZOS8-11, OsCBP20, OsCBP80, and RSp29 cDNAs were

similarly cloned into the binary vector, pCAMBIA1305-GFP

(driven by the CaMV 35S promoter), before transient infiltration

in N. benthamiana leaves (Waadt and Kudla, 2008). Confocal

imaging analysis was performed using a Zeiss LSM710 confocal

microscope.

Enzyme activity assays

Developing endosperm collected at 10 days after fertilization

(DAF) was homogenized in 10-fold volume of a solution

consisting of 50 mM HEPES-NaOH (pH 7.4), 50 mM 2-

mercaptoethanol, 2 mM MgCl2, and 12.5% (v/v) glycerol (Nishi

et al., 2001). After centrifugation, the supernatant was used to

assay the activity of soluble starch synthases, while the pellet was

resuspended in 1 mL of the above solution for GBSSI activity assay

(Nakamura et al., 1989).

Y2H and transcriptional activity assays

Full-length Du13 and ZOS2-03 cDNAs were cloned into both

pGBKT7 and pGADT7 vectors. Du1 and truncated Du13 cDNAs

were cloned into the pGBKT7 vector, and OsCBP20, OsCBP80,

HYL1, ZOS8-11, RSp29, RSZp23, and two homologs of RSZp23

(RSZp21a and RSZp21b) cDNAs were cloned into the pGADT7

vector. Yeast strain AH109 was co-transformed with various

combinations of plasmids, according to the manufacturer’s

instructions (Clontech, Mountain View, CA). Interactions were

assayed using synthetic define (SD) –Leu–Trp–His–Ade medium.

The BD-Du13 construct was transformed into AH109 and

transcriptional activity was assayed on SD –Trp–His–Ade medium.

Transient assays using rice protoplasts

Du13, du13, and ZOS2-03 cDNAs were cloned into the pAN580-

GFP vector (with its GFP fragment removed) to produce

constructs driven by the CaMV 35S promoter. These plasmids

were mixed with rice protoplasts together with a Wxb-gus

plasmid (Isshiki et al., 2006). The Wxb-gus plasmid was also

transfected into wild-type and du13 protoplasts. GUS activity and

RT-PCR analyses were performed as previously described (Isshiki

et al., 2006).

BiFC assay

Full-length Du13, OsCBP20, and ZOS2-03 cDNAs were intro-

duced into both the p2YN and p2YC (encoding each half of eYFP)

vectors (Zheng et al., 2015). Du1 and RSp29 were cloned into the

p2YN vector, and OsCBP80 was cloned into the p2YC vector.

BiFC assays were conducted in N. benthamiana leaf epidermal

cells, as described previously (Peng et al., 2014).

Co-IP assay

Coding sequences of Du13 and ZOS2-03 were introduced into

the binary vector pCAMBIA1300-221-Flag and transformed into

Agrobacterium strain EHA105. The plasmid for the subcellular

localization of ZOS2-03 and plasmids for BiFC assays of OsCBP20

and OsCBP80 (as HA fusions), were also used in the Co-IP assay.

N. benthamiana leaves were co-infiltrated with different combi-

nations of plasmids and collected at 48 h after infiltration (Qiao

et al., 2017). Anti-GFP antibodies (Medical Biological Laboratories

(MBL, M048-3), anti-HA antibodies (MBL, M180-7), anti-Flag

antibodies (Sigma-Aldrich, A8592), and anti-Flag agarose (MBL,

M185-10) were used in Co-IP experiments.

mRNA-seq and miRNA-seq

Total RNA was extracted from immature rice grains at 10 DAF

removed of the hull, pericarp, and embryo. Illumina sequencing

libraries for mRNA-seq and miRNA-seq were prepared following

the manufacturer’s instructions and then sequenced on a HiSeq

platform. The raw reads were processed with Hisat2 and

StringTie, followed by the software rMATS (Shen et al., 2014)

to classify alternative splicing profiles in each sample. For miRNA-

seq, DEGseq was employed to identify differentially expressed

miRNAs. To validate differentially expressed miRNAs obtained

from miRNA-seq, miRNA extraction, RT-PCR, and qRT-PCR

analyses were performed according to the manufacturer’s

instructions (Tiangen Biotech, Beijing, China). U6 snRNA was

used as an internal reference.
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